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© The insulated gate field effect device (la,lb,lc,ld) 
has a semiconductor body (2) with a first region (3) 
of one conductivity type, a second region (4) of the 
opposite conductivity type, a third region (6) of the 
one conductivity type (7) separated from the first 
region (3) by the second region (4) and at least one 
injector region (3) for injecting charge carriers of the 
opposite conductivity type into the first region (3). 
The conduction channel area (40) adjoining the in- 
sulated gate (9,10) has first and second subsidiary 
areas (40 and 40b) for providing respective first and 
second subsidiary conduction channels. The second 
^ subsidiary area (40b) is spaced from the third region 
j_ (6) and is more lowly doped than the first subsidiary 
i— conduction channel area (40a) for causing, when the 
W injected opposite conductivity current type reaches a 
CO given value, the pn junction (40b') between the sec- 
CO ond subsidiary channel (40b) and the second region 
(4) to become forward-biassed causing the bipolar 
O transistor formed by the second subsidiary channel 
^ (^b), the second region (4) and the first region (3) 
in to conduct to initiate with the at least one injector 
region (8) thyristor action which ceases upon re- 
moval of the conduction channel. 
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This invention relates to a semiconductor de- 
vice comprising an insulated gate field effect tran- 
sistor. 

In particular, this invention relates to a semi- 
conductor device comprising an insulated gate field 
effect device having a semiconductor body com- 
prising a first region of one conductivity type, a 
second region of the opposite conductivity type 
forming a first pn junction with the first region, a 
third region of the one conductivity type forming a 
second pn junction with the second region and 
being separated from the first region by the second 
region, at least one injector region for injecting 
chargo earners of the opposite conductivity type 
into the first region, an insulated gate, a conduction 
channel area within the second region and adjoin- 
ing the insulated gate, which conduction channel 
area is gateable by the insulated gate between a 
first state in which a conduction channel of the one 
conductivity type provides a conductive path for 
the flow of charge carriers of the one conductivity 
type between the first and third regions and a 
second state in which the conduction channel is 
removed, the device being such that initiation of 
thyristor action by the transistors formed by the 
first, second and third regions and the injector, first 
and second regions is inhibited. 

Such an insulated gate field effect device is 
generally now known as an insulated gate bipolar 
transistor (IGBT) or sometimes an insulated gate 
transistor (IGT). This and other types of combined 
MOS and bipolar devices are described in a paper 
entitled "Evolution of MOS-Bipolar Power Semicon- 
ductor Technology" by B. Jayant Baliga published 
in the Proceedings of the IEEE Volume No. 76, 
April 1988 at pages 409 to 418. 

An insulated gate bipolar transistor (IGBT) dif- 
fers from a conventional insulated gate field effect 
transistor in that, in the case of an enhancement 
type device, in the on-state in addition to the cur- 
rent of the one conductivity type provided by car- 
riers of the one conductivity type flowing along the 
inversion channel induced by the first voltage ap- 
plied to the insulated gate structure, a current of 
the opposite conductivity type is provided by the 
injection of opposite conductivity type carriers into 
the first region by the injector region. This injection 
of opposite conductivity type carriers into the first 
region reduces the on-resistance of the device in 
comparison to that of a similar construction con- 
ventional insulated gate field effect transistor or 
MOSFET. As indicated by Baliga, the IGBT exhibits 
the desirable features of a MOSFET, namely volt- 
age controlled operation and high output imped- 
ance as well as the desirable features of bipolar 
devices namely high forward conduction density 
albeit at the price of a reduced switching speed 
compared to conventional MOSFETS. 



The IGBT has advantages over the earlier 
MOS-gated thyristor in that, unlike the MOS-gated 
thyristor, the IGBT can still be easily controlled by 
a voltage applied to the insulated gate structure 

5 after the device has been turned on. In an attempt 
to make the MOS-gated thyristor more controllable, 
the MOS-controlled thyristor (MCT) was devised in 
which, as described by Baliga, a second insulated 
gate field effect device structure or MOS is used to 

10 turn off the thyristor. 

Compared to the MCT, the IGBT has been 
found to have an improved controllable current 
capability and safe operating area (SOA). However, 
the on-resistance of the IGBT is in comparison 

15 higher because of the potential drop along the 
conduction channel and because of less than effec- 
tive conductivity modulation of the first or drift 
region. Moreover, the necessity to avoid breakdown 
by punch through when the IGBT is operating in a 

20 reverse voltage blocking mode limits the degree to 
which the conduction channel length and the dop- 
ant concentration of the second region can be 
reduced. Accordingly, the on-state or conducting 
performance of the IGBT has generally been found 

25 to be inferior to that of the MCT. 

As indicated above the MCT requires a first 
turn-on and a second separate turn-off insulated 
gate field effect device or MOS structure. In order 
to achieve turn-off of the thyristor, the second MOS 

30 structure is rendered conducting by applying the 
appropriate voltage to its insulated gate so that 
charge carriers have an alternative path to the 
cathode electrode by-passing the cathode junction. 
However, the thus-diverted current tends to forward 

35 bias the cathode junction and so to maintain thyris- 
tor action. Accordingly in the MCT it is necessary 
to make the resistance of the turn-off MOS conduc- 
tion channel so low that the voltage across it is less 
than the potential barrier (0.7V) of the cathode 

40 junction and is thus insufficient to maintain thyristor 
action. Although theoretically this condition can be 
achieved, the turn-off process of the MCT has been 
found to be difficult to control for high current 
densities. 

45 It is an aim of the present invention to provided 

a semiconductor device comprising an insulated 
gate field effect device which exhibits an on-resis- 
tance which is reduced in comparison to that of an 
IGBT but which still enables controllable turn-off by 

50 the insulated gate structure. 

According to the present invention, there is 
provided a semiconductor device comprising an 
insulated gate field effect device having a semicon- 
ductor body comprising a first region of one con- 

55 ductivity type, a second region of the opposite 
conductivity type forming a first pn junction with 
the first region, a third region of the one conductiv- 
ity type forming a second pn junction with the 

2 



3 



EP 0 633 611 A1 



4 



second region and being separated from the first 
region by the second region, at least one injector 
region for injecting charge carriers of the opposite 
conductivity type into the first region, an insulated 
gate, a conduction channel area within the second 
region and adjoining the insulated gate, which con- 
duction channel area is gateable by the insulated 
gate between a first state in which a conduction 
channel of the one conductivity type provides a 
conductive path for the flow of charge carriers of 
the one conductivity type between the first and 
third regions and a second state in which the 
conduction channel is removed, the device being 
such that initiation of thyristor action by the transis- 
tors formed by the first, second and third regions 
and the injector, first and second regions is inhib- 
ited, characterised in that the conduction channel 
area comprises first and second subsidiary con- 
duction channel areas for providing respective first 
and second subsidiary conduction channels in the 
first state of the conduction channel area, the sec- 
ond subsidiary conduction channel area being 
spaced from the third region by the first subsidiary 
conduction channel area and being more lowly 
doped than the first subsidiary conduction channel 
area for causing, when the current resulting from 
the injection of charge carriers of the opposite 
conductivity type by the at least one injector region 
reaches a given value in operation ofthe device, the 
pn junction between the second subsidiary conduc- 
tion channel and the second region to become 
forward biassed causing the bipolar transistor 
formed by the second subsidiary conduction chan- 
nel, the second region and the first region to con- 
duct to initiate with the at least one injector region 
thyristor action which ceases upon removal of the 
conduction channel. 

Thus in a device in accordance with the inven- 
tion initially the insulated gate field effect device 
operates like an IGBT. However as the current of 
opposite conductivity type carriers injected by the 
at least one injector region increases through the 
relatively lowly doped second subsidiary region of 
the second region the voltage across the pn junc- 
tion between the second subsidiary conduction 
channel and the second region will rise to 0.7V 
causing this pn junction to become forward-biassed 
resulting in the injection of charge carriers of the 
one conductivity type into the second region so 
turning on the bipolar transistor formed by the 
second subsidiary inversion channel, the second 
region and the first region and thus initiating thyris- 
tor action with the at least one injector region. 
As will be appreciated, the second subsidiary inver- 
sion channel also forms the emitter of the thyristor 
and is only present in the first state that is when 
the conduction channel is present, and accordingly 
when the conduction channel is removed the 



thyristor action cannot be maintained. Accordingly, 
turn-off of the device is readily controlled by the 
insulated gate. 

The second region may comprise first and 

5 second subsidiary regions adjoining the insulated 
gate for providing the first and second conduction 
channel areas in which respective first and second 
subsidiary inversion channels are formed in the 
first state of the conduction channel area. 

w Generally, the second subsidiary region is sep- 

arated from the first region by a third subsidiary 
region of the second region which is more highly 
doped than the second subsidiary region. The in- 
clusion of such a third subsidiary region means 

75 that the doping of the first and second subsidiary 
regions can be reduced to as low a value as 
considered desirable without having to worry about 
the possibility of punch-through to the first region 
occurring. 

20 The third region may be electrically shorted to 

the first subsidiary region of the second region to 
inhibit forward-biassing of the second pn junction 
between the third and second regions which could 
otherwise result in thyristor action between the 
25 third, second, first and injector regions and also to 
provide a good conductive path for extraction of 
charge carriers of the opposite conductivity type 
during turn-off of the device. 

The third and injector regions may meet a first 
30 one of first and second major surfaces of the 
semiconductor body so that the insulated gate field 
effect device forms a so-called lateral device in 
which the major current flow is in a direction par- 
allel, or nearly so, to the major surfaces of the 
35 semiconductor body. 

Alternatively, the third and injector regions may 
meet respective ones of first and second major 
surfaces of the semiconductor body so that the 
insulated gate field effect device forms a so-called 
40 vertical device in which the major current flow is 
between the first and second major surfaces. 

In one example the second and third pn junc- 
tions may meet a first one of two opposed major 
surfaces of the semiconductor body so that the 
45 conduction channel area adjoins the first major 
surface and the insulated gate structure extends on 
the first major surface over the conduction channel 
area to form a so-called planar device. 

In another example, the third region may meet 
50 a first one of two opposed major surfaces of the 
semiconductor body and the insulated gate struc- 
ture may be formed within a groove extending from 
the first major surface through the third and second 
regions into the first region. This has advantages 
55 for so-called vertical devices because, in compari- 
son to a planar structure, prior to thyristor initiation 
the entire current of opposite conductivity type 
carriers flows between the first and second major 
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surfaces generally parallel to the inversion channel 
increasing the potential in the region of the inver- 
sion channel and in particular in the second subsid- 
iary region of the second region and so facilitating 
thyristor initiation. A similar geometrical current dis- 
tribution and this advantage occurs with a so-called 
planar geometry where the device is a lateral rather 
than a vertical device. In both cases once thyristor 
action is initiated, the effective length of the con- 
duction channel is reduced and the first region is 
highly modulated by thyristor action and thus the 
current density for a given second voltage is in- 
creased. 

Where the insulated gate field effect device is 
intended to be a power device it will generally be 
formed of many (typically hundreds or thousands) 
of third regions formed in a common first region 
with a common insulated gate structure. In such a 
case, a vertical configuration may have advantages 
in allowing for a higher current carrying capability. 

The present invention also provides a semicon- 
ductor device comprising an insulated gate field 
effect device having a semiconductor body com- 
prising a first region of one conductivity type, a 
second region of the opposite conductivity type 
forming a first pn junction with the first region, a 
third region of the one conductivity type forming a 
second pn junction with the second region and 
being separated from the first region by the second 
region, an insulated gate, a conduction channel 
area within the second region and adjoining the 
insulated gate, which conduction channel area is 
gateable by the insulated gate between a first state 
in which a conduction channel of the one con- 
ductivity type provides a conductive path for the 
flow of charge carriers of the one conductivity type 
between the first and second regions and a second 
state in which the conduction channel is removed, 
the device being such that initiation of bipolar tran- 
sistor action by the first, second and third regions 
is inhibited, characterised in that the conduction 
channel area comprises first and second subsidiary 
conduction channel areas for providing respective 
first and second subsidiary conduction channels in 
the first state of the conduction channel area, the 
second subsidiary conduction channel area being 
spaced from the third region by the first subsidiary 
conduction channel area and being more lowly 
doped than the first subsidiary conduction channel 
area for causing, when a leakage current of charge 
carriers of the opposite conductivity type across 
the first pn junction reaches a given value in opera- 
tion of the device, the pn junction between the 
second subsidiary conduction channel and the sec- 
ond region to become forward-biassed causing the 
bipolar transistor formed by the second subsidiary 
conduction channel, the second region and the first 
region to conduct to initiate bipolar transistor action 



which ceases upon removal of the conduction 
channel. 

Generally the third and first regions in this case 
form the source and drain of an MOS transistor. 
5 Such a device initially acts as a MOS transistor but 
with increasing drain voltage the bipolar transistor 
formed by the second subsidiary conduction chan- 
nel, the second region and the first region switches 
on. This bipolar transistor can however be readily 
70 switched off by the insulated gate because in the 
absence of the conduction channel there is no 
emitter for the bipolar transistor. 

Embodiments of the invention will now be de- 
scribed by way of example with reference to the 
15 accompanying drawings, in which: 

Figure 1 is a schematic cross-sectional through 
part of a first embodiment of a semiconductor 
device comprising an insulated gate field effect 
device in accordance with the invention; 
20 Figure 2 illustrates the simulated current dis- 

tribution in a device as shown in Figure 1 during 
part of its operation; 

Figure 3 illustrates the simulated current dis- 
tribution in a device as shown in Figure I during 
25 another part of its operation; 

Figure 4 illustrates the anode current (IA) versus 
anode voltage (VA) characteristics for devices as 
shown in Figure I and for conventional trench 
gate IGBTS; 

30 Figure 5 is a schematic cross-sectional through 
part of a second embodiment of a semiconduc- 
tor device comprising an insulated gate field 
effect device in accordance with the invention; 
Figure 6 is a schematic cross-sectional through 
35 part of a third embodiment of a semiconductor 
device comprising an insulated gate field effect 
device in accordance with the invention; and 
Figure 7 is a schematic cross-sectional through 
part of a fourth embodiment of a semiconductor 
40 device comprising an insulated gate field effect 
device in accordance with the invention. 
It should of course be understood that Figures I 
and 5 to 7 are not to scale and that relative 
dimensions such as the thicknesses of layers or 
45 regions may have been exaggerated in the inter- 
ests of clarity. Like reference numerals are used 
throughout to refer to like parts. 

Referring now to the drawings, especially Fig- 
ures 1,5,6 and 7 there is illustrated a semiconduc- 
50 tor device comprising an insulated gate field effect 
device la,lb,lc,ld having a semiconductor body 2 
comprising a first region 3 of one conductivity type, 
a second region 4 of the opposite conductivity type 
forming a first pn junction 5 with the first region 3, 
55 a third region 6 of the one conductivity type for- 
ming a second pn junction 7 with the second 
region 4 and being separated from the first region 
3 by the second region 4, at least one injector 
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region 8 for injecting charge carriers of the op- 
posite conductivity type into the first region 3, an 
insulated gate 9,10, a conduction channel area 40 
within the second region 4 and adjoining the in- 
sulated gate 9,10, which conduction channel area 
40 is gateable by the insulated gate 9,10 between 
a first state in which a conduction channel of the 
one conductivity type provides a conductive path 
for the flow of charge carriers of the one conductiv- 
ity type between the first and third regions and a 
second state in which the conduction channel is 
removed, the device being such that initiation of 
thyristor action by the transistors formed by the 
first, second and third regions 3,4 and 6 and the 
injector, first and second regions 8, 3 and 4 is 
inhibited. 

In accordance with the invention the conduction 
channel area 40 comprises first and second sub- 
sidiary conduction channel areas 40 and 40b for 
providing respective first and second subsidiary 
conduction channels in the first state of the con- 
duction channel area 40, the second subsidiary 
conduction channel area 40b being spaced from 
the third region 6 by the first subsidiary conduction 
channel area 40a and being more lowly doped than 
the first subsidiary conduction channel area 40a for 
causing, when the current resulting from the injec- 
tion of charge carriers of the opposite conductivity 
type by the at least one injector region 8 reaches a 
given value in operation of the device, the pn 
junction 40b' between the second subsidiary con- 
duction channel 40b and the second region 4 to 
become forward-biassed causing the bipolar tran- 
sistor formed by the second subsidiary conduction 
channel 40b, the second region 4 and the first 
region 3 to conduct to initiate with the at least one 
injector region 8 thyristor action which ceases upon 
removal of the conduction channel 

Thus, in a semiconductor device in accordance 
with the invention, in operation the insulated gate 
field effect device initially turns on in an IGBT-like 
manner. However, as the current of opposite con- 
ductivity carriers provided by the injector region 8 
through the second region 4 increases, the poten- 
tial difference across the pn junction 40b 1 between 
the second subsidiary conduction channel and the 
second region 4 of the second region 4 rises until 
at 0.7V it is sufficient to forward bias the pn junc- 
tion 40b' causing the second subsidiary conduction 
channel in the second subsidiary conduction chan- 
nel area 40b to act as a bipolar emitter injecting 
carriers of the one conductivity type into the sec- 
ond region 4 and so turning on the bipolar transis- 
tor formed by the second conduction channel 40b, 
the second region 4 and the first region 3. This 
initiates thyristor action with the injector region 8. 
Once injection from the second subsidiary inver- 
sion channel starts and thyristor action is initiated, 



the carriers of the one conductivity type flow 
through the thyristor so bypassing part of the con- 
duction channel and thus effectively reducing the 
total length of the conduction channel to close to 
5 the length of the first subsidiary conduction chan- 
nel area 40a, so reducing the channel series resis- 
tance. 

Unlike an MCT, however, thyristor action in an 
insulated gate field effect device in accordance 

10 with the invention is readily controllable and can be 
stopped simply by removing the conduction chan- 
nel because in the absence of the conduction 
channel there is no emitter for the thyristor. Thus, 
the turn-on and turn-off mechanisms and perfor- 

15 mances of the device are similar to those of an 
IGBT while the on-state mechanism and perfor- 
mance are closer to those of an MCT. 

Figure I illustrates a first example of a semi- 
conductor device in accordance with the invention. 

20 In the example illustrated in Figure 1 , the semi- 

conductor body comprises a monocrystalline sili- 
con substrate which forms the injector region 8 and 
is relatively highly doped with impurities of the 
opposite conductivity type, p conductivity type in 

25 this example, to provide, typically, a resistivity of 
0.01 ohm-cm on which the first or drift region 3 is 
formed as a relatively lowly doped epitaxial layer of 
the one conductivity type (n conductivity type in 
this example). The doping and thickness of this 

30 layer 3 will depend upon the desired reverse volt- 
age blocking capability of the device but typically 
the first region 3 may have a dopant concentration 
of 10 H ions cm -3 and a thickness of 60 to 10Oum 
(micrometres). 

35 If desired, a more heavily doped layer (shown 

by the dashed line 3a in Figure 1) of the one 
conductivity type may be provided as a buffer 
layer between the injector region 8 and the first or 
drift region 3 to moderate the injection into the drift 

40 region 3 from the injector region 8. Typically the 
buffer layer 3a may have a dopant concentration of 
10 17 ions cm" 3 and a thickness of 2 um. 

As an alternative where a very high voltage 
device is required, then the first or drift region 3 

45 may be a lowly doped monocrystalline substrate 
with the injector region 8 (and buffer layer 3a if 
provided) formed by implantation and/or diffusion 
or, rarely, by epitaxial deposition. Although not 
shown, as described in US-A-4969028 an anode- 

50 shorted arrangement may be adopted in which a 
number of spaced-apart injector regions are formed 
in a relatively highly doped layer of the one con- 
ductivity type. 

In this example the drift region 3 provides one 

55 major surface 2a and the substrate or injector re- 
gion 8 provides the other major surface 2b of the 
semiconductor body 2. 
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The second region 4 is in this case formed by 
blanket diffusion and/or implantation of impurities of 
the opposite conductivity type, generally boron 
ions, into the first region 3, although it would of 
course be possible to form the second region 4 
epitaxially. 

The second region 4 comprises in this example 
first, second and third subsidiary regions 4a, 4b 
and 4c. A relatively highly doped layer 4c of the 
opposite conductivity type, p conductivity type in 
this case forms the third subsidiary region of the 
second region 4. Typically the third subsidiary re- 
gion 4c has a doping concentration in the range of 
from 10 16 ions cm" 2 to 10 17 ions cm -3 and a 
thickness in the range of from 2um to 3um where 
the desired reverse voltage blocking capability or 
rating is in the range of from 600 to 1500 volts. 

The second subsidiary region 4b is formed as 
a relatively lowly doped player on the third subsid- 
iary region 4c and may have a doping concentra- 
tion in the range of form 10 H ions cm" 3 to 10 15 
ions cm -3 . The thickness of this layer 4b should be 
sufficient to provide sufficient injection from the 
associated inversion layer 40b during thyristor op- 
eration as will be explained below and may typi- 
cally be 2um. 

The first subsidiary region 4a is formed as a 
layer of p conductivity type which is more highly 
doped than the second subsidiary region 4b. The 
first subsidiary region 4a may have a Gaussian 
doping profile with a doping concentration of 10 19 
ions cm" 3 at the surface 2a and a thickness in the 
range of from I to 1.5um. As an alternative the first 
subsidiary region 4a may have a uniform doping 
profile in the range of, typically, from 10 15 ions 
cm" 3 to 10 17 ions cm" 3 . In such a case, however, 
an additional relatively highly doped p conductivity 
type surface layer 400a (indicated by the dashed 
line in Figure 1) with a dopant concentration in the 
region of 10 19 ions cm" 3 should be provided to 
facilitate ohmic contact by the second main elec- 
trode 12 to inhibit forward-biassing of the pn junc- 
tion 7. This forward-biassing could also be inhibited 
by etching a trench through the surface layer 400 
so that the second main electrode 12 makes con- 
tact to the second region 4 below the third region 6 
so that no hole current flows beneath the third 
region 6. 

In this example, the third region 6 is formed as 
a planar region by use of conventional masking 
and implantation technology. The third region 6 is 
relatively highly doped with impurities of the one 
conductivity type, n conductivity type in this case 
for example arsenic or phosphorus ions, and typi- 
cally has a surface dopant concentration of 10 20 
ions cm -3 and a junction depth in the range of 
from 0.5 to 1 urn. As will be seen below, the 
difference in thicknesses or depths of the third 



region 6 and the first subsidiary region 4a defines 
the effective channel length which should be in the 
region of less than a micrometre typically 0.5um. 
In this example, the insulated gate structure 

s 9,10 is formed by defining a groove 13 which 
extends through the third and second regions 6 
and 4 into the first region 3. 

Typically the groove 13 is in the range of from 
5 to 8um deep. A gate oxide layer 9 with a typical 

70 thickness of 0.08um is formed on the surface of 
the groove 13 which is then filled with gate conduc- 
tive material, generally doped polycrystalline sili- 
con, to define the gate conductive region 10. 

The insulated gate structure 9,10 adjoins the 

15 conduction channel area 40 provided by the sec- 
ond region 4. In this example, the conduction chan- 
nel area 40 consists in series of first, second and 
third subsidiary conduction channel areas 40a, 40b 
and 40c provided by the first, second and third 

20 subsidiary regions 4a, 4b and 4c, respectively. 

An insulating layer is provided over the one 
major surface 2a and patterned using conventional 
techniques to define an insulating region 14 over 
the insulated gate structure to enable the insulated 

25 gate structure 9,10 to be electrically isolated from 
the second main electrode 12. Metallisation, gen- 
erally aluminium, is deposited to provide a first 
main electrode 11 (the anode electrode A in this 
case) on the major surface 2b. Metallisation is also 

30 deposited and patterned to define a second main 
electrode 12 which forms a cathode electrode K in 
ohmic contact with the third region 6 and to define 
(via a contact window which is not shown) a gate 
electrode G contacting the insulating gate structure 

35 9,10. The cathode electrode K electrically shorts 
the first subsidiary region 4a to the third region 6 to 
inhibit parasitic bipolar action therebetween. 

The geometry, doping and thickness of the 
first, second, third and injector regions 3,4,6 and 8 

40 are selected such that thyristor action by these four 
regions is inhibited. Thus, the gains of the two 
parasitic bipolar transistors formed by the injector 
region 8, first region 3 and second region 4 and by 
the third region 6, the second region 4 and the first 

45 region 3 when combined add up to less than one 
(unity). 

Generally, if the insulated gate field effect de- 
vice is to be a power device then a number (typi- 
cally hundreds or thousands) of parallel-connected 

so cells will be provided with each cell consisting of, 
in this example, simply a third region 6 with the 
third regions 6 arranged in a regular array in a 
common second region 4. In such a case the 
respective insulated gate structures 9,10 are joined 

55 together by forming the groove as a regular grid- 
like trench. The grid-like trench may have, for ex- 
ample, a rectangular or hexagonal shape (as shown 
in US-A-5072266). A strip-like geometry could al- 
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ternatively be adopted but a cellular or grid-like 
geometry should provide for a higher packing den- 
sity and a hexagonal cellular structure in particular 
should allow a higher conduction channel area 40 
density. 

In operation of the n-channel enhancement 
mode device la shown in Figure 1, a first positive 
voltage is applied by the gate electrode G to the 
insulated gate structure 9,10 to cause an inversion 
channel to be formed in the conduction channel 
area 40 of the second region 4 and a second 
voltage is applied between the cathode and anode 
electrodes A and K. 

The inversion channel allows electrons to be 
injected from the third or cathode region 6 into the 
first or drift region 3 while the injector or anode 
region 8 causes holes to be injected into the drift 
region 3. As in the case of an IGBT the device la 
will remain in the on-state (that it is will remain 
conducting) until the first voltage is removed from 
the gate electrode G. However, in contrast to the 
IGBT, in a device in accordance with the invention, 
two distinct modes of operation occur in the on- 
state. 

Thus, initially the electron current flows through 
the inversion channel 40 formed in the series of 
first, second and third subsidiary conduction chan- 
nel areas 40a, 40b and 40c into the drift region 3 
while the hole current flows from the injector or 
anode region 8 through the drift region 3 and 
second region 4 to the cathode electrode K. Figure 
2 illustrates a computer simulation of the current 
distribution in this mode for a device of the type 
described with reference to Figure I and having an 
off-state voltage rating of 600V where the second 
voltage across the anode and cathode electrodes A 
and K is 0.9V. 

As the anode current increases, the very low 
conductivity of the second subsidiary region 4b 
causes the difference between the hole quasi Fer- 
mi potential in the second subsidiary region 4b and 
the electron quasi Fermi potential in the inversion 
channel in the second subsidiary conduction chan- 
nel area 40b to become greater than the voltage 
barrier 0.7V between the inversion channel 40b and 
the second subsidiary region 4b causing the asso- 
ciated pn junction 40b' to become forward-biassed 
resulting in electrons being injected into the second 
subsidiary region 4b and so turning on the distrib- 
uted NPN bipolar transistor defined by the inver- 
sion channel 40b acting as the emitter, the second 
subsidiary region 4b acting as the base and the 
drift region 3 acting as the collector leading with 
the injection from the anode region 8 to thyristor 
action. 

Although both the emitter/base and 
base/collector pn junctions of this distributed NPN 
transistor are connected by the subsidiary inversion 



channel 40c formed in the third subsidiary region 
4c, the fraction of the electron current flowing 
through the subsidiary inversion channel 40c is 
negligible because of the relatively high resistance 

5 provided by the path through the subsidiary inver- 
sion channel 40c. Consequently, both the second 
subsidiary region 4b and the drift region 3 are 
highly modulated by mobile carriers and at this 
stage the device la functions in a combined IGBT- 

10 thyristor mode as illustrated by the computer sim- 
ulation derived for the device of Figure 1 with an 
anode voltage of 1.6 volts. Thus, as in a IGBT, the 
main fraction of the hole current flows through the 
second region 4 to the cathode electrode K while, 

75 as in a thyristor structure, the pn junction 40b* 
formed between the inversion channel 40b and the 
second subsidiary region 4b and the pn junction 5 
between the third subsidiary region 4c and the drift 
region 3 are both forward-biassed (because under 

20 high injection the npn (regions 40b, 4b, 3) transistor 
is saturated) allowing the thyristor current to flow 
through the entire thyristor structure bypassing the 
inversion channels 40b and 40c. The effective 
length of the inversion channel is thus reduced to 

25 that of the subsidiary inversion channel 40a. 

The relatively highly doped third subsidiary re- 
gion 4c serves to prevent punch-through between 
the third and first regions 6 and 3 when the device 
is in a reverse voltage blocking condition (that is 

30 when no gate voltage is applied so enabling the 
doping concentration within the second subsidiary 
region 4b and the channel length to be as low as 
desired without having to worry unduly about 
punch-through problems. This enables, on the as- 

35 sumption that first subsidiary region 4a is highly 
conductive to inhibit injection at the pn junction 7, 
the length and the impurity concentration level of 
the first and second subsidiary conduction channel 
areas 40a and 40b to be substantially reduced 

40 provided that the second subsidiary region 40b can 
still provide sufficient electron injection for thyristor 
action. 

As the second or anode voltage increases, the 
current density tends to saturate because of, for 

45 example, the decrease in carrier mobility in the 
inversion channel, pinch-off effects due to the satu- 
ration of the MOS transistor (whose channel region 
is provided by the inversion channel 40a and some 
of 40b) as the effective MOS drain voltage in- 

50 creases with the anode voltage. However, the de- 
vice remains in the on-state for as long as an 
appropriate first voltage is applied to the gate elec- 
trode G. 

Turn-off of the device la is achieved by inter- 
55 rupting or removing the positive first voltage from 
the gate electrode G. This causes the collapse of 
the inversion channel and thus the removal of the 
thyristor emitter. During turn-off the holes are ex- 
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tracted through the second region 4 to the cathode 
electrode K and any remaining excess injected 
carrier charge decreases with time by recombina- 
tion. 

Figure 4 illustrates computer simulations of the 
anode current (IA) versus anode voltage (VA) char- 
acteristics for two devices la having the structure 
described above with reference to Figure 1 but with 
different effective channel lengths (where the effec- 
tive channel length is the difference in depth below 
the surface 2a of the regions 6 and 4a) and a 
doping concentration in the second subsidiary re- 
gion 4b of 10 1 * ions cm" 3 and two conventional 
trench gate IGBTs having a constant doping (10 17 
ions cm -3 ) second region 4. In each case the gate 
or first voltage Vg is 15 volts. 

Line a illustrates the characteristic for a long 
channel trench IGBT which may have an off-state 
blocking voltage of 600 volts, line b illustrates the 
characteristic for a short channel (0.5um) trench 
IGBT having a much lower off state blocking volt- 
age than the trench IGBT illustrated by line a, line 
c illustrates the characteristic for a short channel 
(0.5um) device la in accordance with Figure I and 
having an off-state blocking voltage of 600 volts 
and line d illustrates the characteristic for a very 
short channel (0.2um) device la in accordance with 
Figure I and with an off-state blocking voltage 
equivalent to that of the device represented by line 
c. As can be seen from Figure 4, a very significant 
increase in current density compared to a IGBT 
and a characteristic very close to a thyristor char- 
acteristic can be achieved with a device in accor- 
dance with Figure 1. 

The simulations have shown that a device as 
described above and shown in Figure I has turn off 
characteristics virtually identical to those of a cor- 
responding comparable conventional trench IGBT 
in which, as discussed above, the second region 4 
is of constant doping. A turn-off time of about 1.8 
microseconds for the device shown in Figure 1 has 
been estimated. 

The device la shown in Figure I could be 
modified by being manufactured using planar tech- 
nology by analogy with conventional IGBT struc- 
tures as shown in, for example, US-A-4364073. 
Figure 5 illustrates a cross-sectional view through 
such a planar device lb. 

As will be appreciated by those skilled in the 
art, the device lb differs from the device la in that 
the third, second and first subsidiary regions 4a,4b 
and 4a of the second region 4 and the third region 
6 are all formed as planar regions each meeting 
the major surface 2a and the insulated gate struc- 
ture 9,10 is formed over the conduction channel 
area 40 on the major surface 2a. This structure 
may be formed by analogy with standard DMOS- 
FET processing by introducing the impurities la 



form the third, second and first subsidiary regions 
4c,4b and 4c of the second region 4 and the third 
regions 6 using the insulated gate structure as a 
mask. In order to enable shorting between the third 

5 regions 6 and the second regions 4 to inhibit the 
undesired thyristor action discussed above, the 
central area of each cell may be masked from the 
introduction of the impurities to form the third re- 
gions as shown in Figure 5 or alternatively a moat 

io may be etched in known fashion through the centre 
of each third region to expose an underlying area 
of the second region 4 before the metallisation to 
form the cathode electrode K is deposited. A rela- 
tively highly doped central fourth subsidiary region 

75 4d (indicated by dashed lines) of the second region 
4 may be formed, as is known to the person skilled 
in the art of power DMOSFET manufacture, prior to 
definition of the insulated gate structure 9,10 to 
enable ohmic contact to the second region 4 and to 

20 inhibit parasitic bipolar action. 

The doping, depths and widths of the various 
regions may be selected as desired bearing in 
mind that, as indicated above, the gains of the two 
parasitic bipolar transistors formed by the injector, 

25 first and second regions 8,3 and 4 and by the third, 
second and first regions 6,4 and 3 should add up 
to less than unity. Generally the doping concentra- 
tions will be similar to those given above with 
reference to the device shown in Figure 1. Again, 

30 as in the case of the example shown in Figure I the 
device lb may consist of many hundreds or thou- 
sands of parallel-connected device cells each in 
this case consisting of a second region 4 and 
associated third region 6. 

35 Figure 6 illustrates a cross-sectional view 

through a third example of a device Ic in accor- 
dance with the invention. 

The device Ic shown in Figure 6 is a lateral 
device rather than a vertical device as shown in 

40 Figures I and 5. Thus, in the device structures la 
and lb shown in Figures I and 5 the main current 
path is between the major surfaces 2a and 2b (i.e. 
in a ■vertical 1 direction) while in Figure 6 the main 
current path is in a direction along or generally 

45 parallel to the major surfaces 2a and 2b (i.e. in a 
'lateral 1 direction) because the anode and cathode 
electrodes A and K are both provided at the one 
major surface 2a. An insulating or passivating layer 
15 may be provided on the other major surface 2b. 
50 The device Ic differs from that shown in Figure 

5 mainly in the provision of the injector region at 
the major surface 2a rather than at the major sur- 
face 2b. In addition because this is a lateral device 
it is not necessary for relatively lowly doped sec- 
55 ond subsidiary region 4b to be formed within the 
relatively highly doped third subsidiary region 4c. 
Accordingly these various regions may be formed 
by use of appropriate masking and dopant in- 
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traduction techniques without having to worry about 
forming a relatively lowly doped region (that is the 
second subsidiary region 4b) in a relatively highly 
doped region (for example the third subsidiary re- 
gion). To take an example, in such a lateral device, 
the relatively lowly doped second subsidiary region 
4b may be implanted first and then the relatively 
highly doped subsidiary regions 4a and 4c (and 4d 
if present) formed by implantation through an ap- 
propriate mask. 

The device Ic shown in Figure 6 needs to be 
isolated from other similar parallel -connected struc- 
tures which may be formed on the same substrate 
to form a power device. In the example illustrated 
this is achieved by pn junction isolation by provid- 
ing the first or drift region 3 as an epitaxial layer on 
an opposite (in this case p) conductivity type sub- 
strate 20 and by using highly p conductivity doped 
regions 21 formed using conventional masking, im- 
plantation and diffusion techniques to extend 
through the semiconductor body 2 from the major 
surface 2a to the substrate 20 to define the drift 
region 3 as a discrete well. Alternative isolation 
techniques such as the use of insulating layers or 
silicon on insulator techniques could be consid- 
ered. 

The various regions shown in Figure 6 may 
have similar doping profiles to the corresponding 
regions in Figure I and may have an extent along 
the major surface 2a similar to the thicknesses of 
the corresponding regions shown in Figure I except 
that in the case of the lateral device Ic shown in 
Figure 6 the 'length' 1 (equivalent to lb thickness in 
Figure 1) of the drift region 3 may need to be 
reduced to achieve a reasonable packing density. 
Typically, the drift region 3 may in this example 
have a "length 1 e.g. 40um with a buffer relatively 
highly doped region 3a (indicated by dashed lines 
in Figure 6) extending for a distance of 2um ar- 
ound the injection region 8a for a device Ic with a 
reverse voltage blocking capability of 50OV. To 
increase the reverse voltage blocking capability 
using the RESURF (REduced SURface Field) prin- 
ciple described by J.A. Appels et al in Philips 
Journal of Research, Vol. 35, No. 1980 at pages 1- 
13, the relatively lowly doped third subsidiary re- 
gion 4c may be extended (as shown in dashed 
lines in Figure 6) to meet the substrate 20. Also in 
accordance with conventional DMOS technology, 
the electrical shorting by the second main elec- 
trode 12 of the third region 6 and the second 
region 4 may alternatively be accomplished by 
etching a moat through the third region to expose 
an underlying portion of the second region 4. 

Figure 7 illustrates a modification Id of the 
device Ic where the planar technology has been 
replaced by a trench type of technology to produce 
a device Id which is a lateral version of the device 



la. As can be seen from a comparison of Figures 1 
and 7, Figure 7 differs from Figure I in that the first, 
second and third subsidiary regions 4a,4b and 4a 
are formed as planar discrete regions (as in the 

5 example shown in Figure 5) through which the 
groove 14 extends. As in Figure 1, it is the thic- 
knesses or depths of these regions rather than their 
lateral extents which define the conduction channel 
area. Such a trench lateral device id should allow 

io for a greater packing density than the DMOS type 
lateral device Ic shown in Figure 6. 

It should be noted that the vertical trench de- 
vice la has advantages over the vertical DMOS 
device lb while the lateral DMOS device Ic has 

75 advantages over the lateral trench device Id. 

Thus, both the vertical trench structure device 
la and the lateral DMOS type structure device Ic 
provide for a conduction channel which is generally 
parallel to the thyristor conduction path so allowing 

20 for a greater proportion of the hole current to flow 
through the second subsidiary region 4b generally 
parallel to the inversion channel 40b than in the 
different geometry structures shown in Figures 5 
and 7. Indeed, an increase the thickness second 

25 subsidiary region 4b may be desirable in the exam- 
ples of Figures 5 and 7 to facilitate the rise of the 
hole quasi fermi potential in this region to 0.7V 
above the quasi Fermi electron potential in the 
inversion channel 40b to initiate bipolar action. 

30 Also, the examples illustrated in Figures 1 and 

6 are relatively simple technologically to manufac- 
ture. In contrast, the examples illustrated in Figures 
5 and 7 both require the formation of a relatively 
highly doped third subsidiary region 4c and a rela- 

35 tively lowly doped second subsidiary region 4b 
within that highly doped region. This may require 
the use of sophisticated implantation techniques to 
achieve a relatively high doping level at a desired 
depth below the semiconductor body surface 2a 

40 (for example as described in GB-A-1 587773) or 
even the use of selective etching, implantation and 
selective epitaxial growth techniques. 

Although in the examples described above, the 
present invention is applied to an enhancement 

45 mode device, that is a device in which the conduc- 
tion channel is formed in the conduction channel 
areas 40a, 40b, 40c as an inversion channel by the 
application of an appropriate polarity first voltage to 
the insulated gate 9,10, it should of course be 

50 appreciated that the present invention could be 
applied to a depletion mode device, that is to a 
device in which the conduction channel area 40a, 
40b, 40c is of the one conductivity type (n con- 
ductivity type where the second region is of p 
55 conductivity type) to provide conduction channel 
when the gate voltage is zero and in which the 
conduction channel is removed by the application 
of an appropriate polarity first voltage to the in- 
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sulated gate 9,10. The conduction channel area of 
such a depletion mode device could be formed by 
ion implantation through the surface at which the 
insulated gate 9,10 is lo be formed. 

Although the present invention lias been de- 5 
scribed with reference to and is primarily intended 
for an IGBT-like structure, it may be possible to 
apply the present invention to a conventional MOS- 
like device, that is a device in which the third 
region 3 forms the source region, the first region 7 10 
provides the drain drift regions and the at least one 
injector region 8 is omitted and replaced by a 
highly doped subsidiary region of the one con- 
ductivity type of the drain region. The device struc- 
ture and doping concentrations should be such that is 
the opposite conductivity type carrier (holes in the 
case of an n-channel MOS) leakage current across 
the pn junction 5 is sufficient to enable the pn 
junction 40b' to become forward-biassed as the 
drain voltage rises to turn on the bipolar transistor 20 
formed by the second subsidiary channel, the sec- 
ond subsidiary region 4b and the drain region. 
Such a device would initially act as a MOS transis- 
tor but with sufficiently high drain voltage would 
then function as a bipolar transistor which bipolar 25 
transistor could then be switched off easily by 
removal of the conduction channel. 

It should of course be appreciated that other 
grooved gate (for example the so-called VMOS or 
UMOS) technologies may be used in place of the 30 
so-called trench technology described here. Also, 
of course, the conductivity types described above 
could be reversed to enable the formation of p- 
channel devices. This would of course require ap- 
propriate changes in the polarity of applied vol- 35 
tages during operation of the device. 

The present invention could be applied to 
semiconductor materials other than silicon, for ex- 
ample lll-V materials or combinations of different 
semiconductor materials. 40 

From reading the present disclosure, other 
modifications and variations will be apparent to 
persons skilled in the art. Such modifications and 
variations may involve other features which are 
already known in the semiconductor art and which 45 
may be used instead of or in addition to features 
already described herein. Although claims have 
been formulated in this application to particular 
combinations of features, it should be understood 
that the scope of the disclosure of the present 50 
application also includes any novel feature or any 
novel combination of features disclosed herein ei- 
ther explicitly or implicitly, whether or not it relates 
to the same invention as presently claimed in any 
claim and whether or not it mitigates any or all of 55 
the same technical problems as does the present 
invention. The applicants hereby give notice that 
new claims may be formulated to such features 



and/or combinations of such features during the 
prosecution of the present application or of any 
further application derived therefrom. 

Claims 

1. A semiconductor device comprising an insu- 
lated gate field effect device having a semicon- 
ductor body comprising a first region of one 
conductivity type, a second region of the op- 
posite conductivity type forming a first pn junc- 
tion with the first region, a third region of the 
one conductivity type forming a second pn 
junction with the second region and being sep- 
arated from the first region by the second 
region, at least one injector region for injecting 
charge carriers of the opposite conductivity 
type into the first region, an insulated gate, a 
conduction channel area within the second re- 
gion and adjoining the insulated gate, which 
conduction channel area is gateable by the 
insulated gate between a first state in which a 
conduction channel of the one conductivity 
type provides a conductive path for the flow of 
charge carriers of the one conductivity type 
between the first and third regions and a sec- 
ond state in which the conduction channel is 
removed, the device being such that initiation 
of thyristor action by the transistors formed by 
the first, -second and third regions and the 
injector, first and second regions is inhibited, 
characterised in that the conduction channel 
area comprises first and second subsidiary 
conduction channel areas for providing respec- 
tive first and second subsidiary conduction 
channels in the first state of the conduction 
channel area, the second subsidiary conduc- 
tion channel area being spaced from the third 
region by the first subsidiary conduction chan- 
nel area and being more lowly doped than the 
first subsidiary conduction channel area for 
causing, when the current resulting from the 
injection of charge carriers of the opposite 
conductivity type by the at least one injector 
region reaches a given value in operation of 
the device, the pn junction between the second 
subsidiary conduction channel and the second 
region to become forward biassed causing the 
bipolar transistor formed by the second sub- 
sidiary conduction channel, the second region 
and the first region to conduct to initiate with 
the at least one injector region thyristor action 
which ceases upon removal of the conduction 
channel. 

2. A semiconductor device according to Claim 1, 
wherein the second region comprises first and 
second subsidiary regions adjoining the insu- 
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lated gate for providing the first and second 
conduction channel areas in which respective 
first and second subsidiary inversion channels 
are formed in the first state of the conduction 
channel area. 5 

3. A semiconductor device according to Claim 2, 
wherein the second subsidiary region is sepa- 
rated from the first region by a third subsidiary 
region of the second region which third subsid- io 
tary region is more highly doped than the 
second subsidiary region. 

4. A semiconductor device according to Claim 

1 .2 or 3. wherein the third region is electrically 75 
shorted to the second region. 

5. A semiconductor device according to Claim 
1.2.3 or 4. wherein the third and injector re- 
gions meet a first one of first and second 20 
major surfaces of the semiconductor body. 

6. A semiconductor device according to Claim 
1.2.3 or 4. wherein the third and injector re- 
gions meet respective ones of first and second 25 
major surfaces of the semiconductor body. 

7. A semiconductor device according to any one 
of the preceding claims, wherein the second 

and third pn junctions meet a first one of two 30 
opposed major surfaces of the semiconductor 
body so that the conduction channel area ad- 
joins the first major surface and the insulated 
gate structure extends on the first major sur- 
face over the conduction channel area. 35 

8. A semiconductor device according to any one 
of Claims I to 6, wherein the third region meets 
a first one of two opposed major surfaces of 

the semiconductor body and the insulated gate 40 
structure is formed within a groove extending 
from the first major surface through the third 
and second regions into the first region. 

9. A semiconductor device comprising an insu- 45 
lated gate field effect device having a semicon- 
ductor body comprising a first region of one 
conductivity type, a second region of the op- 
posite conductivity type forming a first pn junc- 
tion with the first region, a third region of the 
one conductivity type forming a second pn 
junction with the second region and being sep- 
arated from the first region by the second 
region, an insulated gate, a conduction channel 
area within the second region and adjoining 
the insulated gate, which conduction channel 
area is gateable by the insulated gate between 
a first state in which a conduction channel of 



the one conductivity type provides a conduc- 
tive path for the flow of charge carriers of the 
one conductivity type between the first and 
second regions and a second state in which 
the conduction channel is removed, the device 
being such that initiation of bipolar transistor 
action by the first, second and third regions is 
inhibited, characterised in that the conduction 
channel area comprises first and second sub- 
sidiary conduction channel areas for providing 
respective first and second subsidiary conduc- 
tion channels in the first state of the conduc- 
tion channel area, the second subsidiary con- 
duction channel area being spaced from the 
third region by the first subsidiary conduction 
channel area and being more lowiy doped than 
the first subsidiary conduction channel area for 
causing, when a leakage current of charge 
carriers of the opposite conductivity type 
across the first pn junction reaches a given 
value in operation of the device, the pn junc- 
tion between the second subsidiary conduction 
channel and the second region to become 
forward-biassed causing the bipolar transistor 
formed by the second subsidiary conduction 
channel, the second region and the first region 
to conduct to initiate bipolar transistor action 
which ceases upon removal of the conduction 
channel. 

10. A semiconductor device according to Claim 9, 
wherein the second region comprises first and 
second subsidiary regions adjoining the insu- 
lated gate for providing the first and second 
conduction channel areas in which respective 
first and second subsidiary inversion channels 
are formed in the first state of the conduction 
channel area. 

11. A semiconductor device according to Claim 2, 
wherein the second subsidiary region is sepa- 
rated from the first region by a third subsidiary 
region of the second region which third subsid- 
iary region is more highly doped than the 
second subsidiary region. 

12. A semiconductor device according to Claim 
9,10 or 11, wherein the third region is elec- 
trically shorted to the second region. 



50 

13. A semiconductor device according to Claim 
9.10,11 or 12, wherein the third and first re- 
gions meet a first one of first and second 
major surfaces of the semiconductor body. 

55 

14. A semiconductor device according to Claim 
9,10.11 or 12, wherein the third and first re- 
gions meet respective ones of first and second 
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major surfaces of the semiconductor body. 

15. A semiconductor device according to any one 
of Claims 9 to 14, wherein the second and 
third pn junctions meet a first one of two 
opposed major surfaces of the semiconductor 
body so that the conduction channel area ad- 
joins the first major surface and the insulated 
gate structure extends on the first major sur- 
face over the conduction channel area. 

16. A semiconductor device according to any one 
of Claims 9 to 14, wherein the third region 
meets a first one of two opposed major sur- 
faces of the semiconductor body and the in- 15 
sulated gate structure is formed within a 
groove extending from the first major surface 
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